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In strongly correlated oxides, heterostructures provide a powerful route to manipulate the charge,
spin, orbital, and lattice degrees of freedom to create distinctive functionalities. In this work, we have
achieved atomically precise interface control in YBa2Cu3O7x/La0.7Ca0.3MnO3 (YBCO/LCMO)
heterostructures and find a hidden effective doping. This mechanism is responsible for higher Tc in
the sample with the MnO2-terminated interface than in that with the La0.7Ca0.3O-terminated
interface. The MnO2-terminated sample also shows a larger magnetic moment of Mn together with
a lower valence state. For more than a decade, the control of Tc in these heterostructures prior to
this work has been solely via the variation of YBCO or LCMO thickness. This work hints at an
alternative way of exploiting and exploring the interactions between superconductivity and
magnetism in this system. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4973996]
Heterointerfaces between strongly correlated electron sys-
tems hold promise for creating multifunctional properties that
could not be realized in single-phase bulk materials.1 Examples
are the 2-D electron gas-like behavior at LaAlO3-SrTiO3
(STO) interfaces2,3 and its controllability by a top ferroelectric
layer,4 the emergence of ferromagnetism in a superconducting
material at the YBa2Cu3O7x/La0.7Ca0.3MnO3 (YBCO/LCMO)
interface,5,6 and an induced ferromagnetic state between
BiFeO3 and La0.7Sr0.3MnO3 layers.
7,8 Among them, the inter-
face of the YBCO/LCMO heterostructures has been intensively
studied to understand the proximity effect between the ferro-
magnets (F) and superconductors (S).5,6,9–11 The competition
between the ferromagnetic and the superconducting orders
leads to a suppression of both their transition temperatures.12–16
The effects of microstructure imperfection on Tc in this hetero-
structure were also once discussed.17 These effects are of
topical interest for potential applications in superconducting
and magnetoresistance memory devices. The very recent
study has further pressed focuses on the selective coupling
between Cu, and the peculiar charge density wave
(CDW) order in YBCO is found induced by the YBCO/
LCMO interface.18–20 Surprisingly, one key question has
yet to be addressed in this prominent YBCO/LCMO system:
does the termination type play an important role in
determining the superconducting and magnetic properties?
In this work, YBCO/LCMO heterostructures with two dis-
tinct types of interfacial terminations are fabricated, and
their superconducting and magnetic properties are shown to
exhibit different responses to the types of termination. This
effective doping through judiciously prepared interfacial
terminations, in addition to the widely used thickness con-
trol, thus creates an alternative avenue for wider exploita-
tion in electronics devices.
Both YBCO and LCMO have ABO3 perovskite-related
structures. Two possible atomic stacking sequences can
be formed along the (001)-oriented heterostructures: (a)
La0.7Ca0.3O-MnO2-BaO-Cu(II)O2 (MnO2-terminated inter-
face, Fig. 1(a)) and MnO2-La0.7Ca0.3O-Cu(I)O-BaO-
Cu(II)O2 (La0.7Ca0.3O-terminated interface, Fig. 1(b)).
21
Realizing this interface design requires atomically precise
interface control on the LCMO termination layer, which is
achieved by using reflection high-energy electron diffraction
(RHEED) assisted pulsed laser deposition (PLD). Two dis-
tinct interfaces can be fabricated based on the control of the
LCMO termination layer. The details of the heterostructure
growth can be found in the supplementary material. In this
paper, MnO2-terminated corresponds to the STO/
LCMO10nm/YBCOd structure while La0.7Ca0.3O-terminated
corresponds to the STO/SRO2.5u.c./LCMO10 nm/YBCOd
structure. The LCMO layer thickness was fixed to n¼ 25
unit cells (u.c., roughly 10 nm) and the thickness d of YBCO
a)Authors to whom correspondence should be addressed. Electronic addresses:
ago@nctu.edu.tw and yhc@nctu.edu.tw
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layer was varied from 2 nm to 100 nm. The SRO layer was
inserted to switch the termination of LCMO. This idea was
applied to the LCMO/YBCO interface in the present work,
though the SRO layer was used to switch the termination of
BiFeO3/La0.7Sr0.3MnO3 before.
22 To confirm the control of
these two distinct interfaces, the heterostructures of as-
prepared thin films were characterized by high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM). The HAADF-STEM images of the MnO2-
terminated (Fig. 2(a)) and La0.7Ca0.3O-terminated (Fig. 2(b))
interfaces along the [100] direction clearly show the epitaxial
growth of the YBCO layer on top of the LCMO layer with
perfectly coherent interfaces in both samples. The intrinsic
long period structure of YBCO consisting of an alternation
of two Ba layers and one Y layer, in contrast to the short one
of LCMO is clearly observed. To highlight the interface con-
figurations, we have made averaged intensity profiles (see
the supplementary material) near the interfaces along the
Mn-Cu columns and La0.7Ca0.3-Ba-Y columns from the raw
images. The results corresponding to the MnO2-terminated
and La0.7Ca0.3O-terminated interfaces are shown in Figs.
2(c) and 2(d), respectively. From these intensity profiles, the
exact locations of the YBCO/LCMO interfaces are revealed
and indicated by the vertical dashed lines. The HAADF-
STEM images confirm the atomically sharp interfaces of the
YBCO/LCMO heterostructures that are consistent with the
schematics as shown in Fig. 1. The samples can then be read-
ily explored on a firm base.
To understand the effects of interfacial termination on
the competing orders between YBCO and LCMO, transport
measurements were performed from 2K to room temperature
by the standard four-probe method with the electrical con-
tacts on top of YBCO. Figure 3 shows the resistivity q(T)
of LCMO/YBCOd. Intriguingly, the La0.7Ca0.3O-terminated
samples (red curves) always show a higher value of q than
the MnO2-terminated samples (black curves), irrespective
of the YBCO thickness d. With d¼ 6 nm, the La0.7Ca0.3O-
terminated sample is insulating while the MnO2-terminated
sample is superconducting with a transition temperature
Tc¼ 30K (Fig. 3(a)). With the YBCO thickness beyond 6nm,
superconductivity emerges in both the MnO2- and La0.7Ca0.3O-
terminated samples. Figure 3(d) shows that the MnO2-
terminated samples consistently have a higher Tc. However, the
difference in Tc between MnO2- and La0.7Ca0.3O-terminated
samples is reduced with increased YBCO thickness. An anom-
aly peak in resistivity is seen in Figs. 3(b) and 3(c) around
170K as a result of the magnetic transition in the underlying
LCMO layer. This anomaly in q(T) becomes weaker as the
YBCO layer becomes thicker.
FIG. 1. Epitaxial design of heterointerfaces: Schematic of the interfacial
control of LCMO/YBCOd with different interfaces; (a) for the MnO2-
terminated interface (La0.7Ca0.3O-MnO2-BaO-CuO2), the charges are very
difficult to transfer because CuO chains are very far from the interface (indi-
cated by a dashed line) while (b) switches into the La0.7Ca0.3O-terminated
(MnO2-La0.7Ca0.3O-CuO2-BaO) interface by using SRO; electrons transfer
easily from LCMO to YBCO due to the CuO chains at the interface (indi-
cated by solid lines).
FIG. 2. HAADF-STEM images of the
two interfaces along the [100] direction.
(a) MnO2-terminated interface. (b)
La0.7Ca0.3O-terminated interface. (c)
The averaged intensity profiles along
the Mn-Cu columns and La0.7Ca0.3-Ba-
Y columns in (a). (d) The averaged
intensity profiles along the Mn-Cu col-
umns and La0.7Ca0.3-Ba-Y columns in
(b). The insets of (a) and (b) are the
atomic structures of YBCO and LCMO
(only cations are shown). The vertical
dashed lines in (c) and (d) indicate the
exact locations of the interfaces.
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Different terminations also lead to different magnetic
properties in these heterostructures. Figure 4(a) shows the
magnetization curves M(T) of LCMO/YBCOd with a fixed
d¼ 30 nm. Although both samples show similar magnetic
transition temperatures, the La0.7Ca0.3O-terminated sample
(red curve) clearly has a smaller magnetization. The M(H)
curves of STO/LCMO/YBCO30nm and STO/SRO/LCMO/
YBCO30nm samples were measured by using SQUID at
T¼ 100K above Tc to avoid any possible complication
from the superconducting state. The data of La0.7Ca0.3O-
terminated sample show a smaller saturation magnetization.
To gain insight on these magnetization measurements,
we utilized the X-ray absorption spectroscopy (XAS) with
elemental/chemical/orbital specificity. We have recorded the
Mn-L2,3 XAS spectra and X-ray magnetic circular dichroism
(XMCD) with the photon helicity parallel lþ (green line)
and anti-parallel l (orange line) to the magnetic field. As
shown in Fig. 4(c), the XMCD spectra (bottom panel) of
LCMO/YBCO2nm taken from the difference of the XAS
spectra (top panel) with two photon helicities lþ and l
show the characteristic lineshape of a ferromagnetic Mn
atom, and its moment in the La0.7Ca0.3O-terminated sample
is indeed smaller than that in the MnO2-terminated sample.
The suppression of the magnetization in the La0.7Ca0.3O-ter-
minated sample was thus consistently confirmed by both
XMCD and SQUID measurements. Figure 4(b) shows the
FIG. 3. Transport properties of LCMO/
YBCOd with different interfaces:
Resistivity of LCMO/YBCOd vs. tem-
perature (a) d¼ 6nm, (b) d¼ 20 nm, (c)
d¼ 100 nm, and (d) YBCO thickness
dependence of the superconducting tran-
sition temperature with either MnO2- or
La0.7Ca0.3O-terminated interfaces.
FIG. 4. (a) Temperature dependence of
the field cooled magnetization measured
in H¼ 100Oe out-of-plane; Inset shows
the M-H loops of LCMO/YBCOd with
different interfaces recorded at 100K
and with H applied out-of-plane along
[100] STO directions. (b) Low-
temperature magnetization as a function
of the YBCO layer thickness for two
different interfaces. (c) Mn-L2,3 spectra
of the YBCO (2 nm)/LCMO (10 nm)
bilayer with the MnO2-terminated inter-
face taken with circularly polarized
X-rays at T¼ 30K. The photon spin
was aligned parallel (lþ, green) or anti-
parallel (l, orange) to the 1T magnetic
field. The field was applied along
the surface normal. A comparison of the
normalized Mn-L2,3 XMCD signal for
YBCO (2 nm)/LCMO(10 nm) with the
MnO2-terminated interface (black line)
and the La0.7Ca0.3O-terminated interface
(red line) shown in the lower panel.
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magnetization as a function of the YBCO thickness. The
magnetization in both samples is reduced monotonically
with increasing YBCO thickness. La0.7Ca0.3O-terminated
samples always show a smaller moment. Together with Tc
suppression which has been interpreted dominantly due to
the proximity effect originating at the LCMO/YBCOd inter-
faces,5,6,10–12 the decreased magnetization is also regarded as
being resulted from the competition between ferromagnetism
and superconductivity.13,23–25 However, the F/S competition
context alone cannot explain the findings with respect to dif-
ferent interfacial terminations.
XAS further elucidates the valence states of Mn. In
Figure 5(a), the Mn K-edge XAS spectra from YBCO/
LCMO heterostructures with different interfacial termina-
tions are overlaid with the ones from the standard samples
Mn2O3 (Mn
3þ) and MnO2 (Mn
4þ). In the K-edge spectra, the
energy position of the leading edge can be used to determine
the charge valence state. In this figure, it is clear that the
La0.7Ca0.3O-terminated sample has a higher Mn valence state
than the MnO2-terminated sample. In Figure 5(b), the
valence state of Mn for the different terminated samples
from different thickness LCMO/YBCOd (d¼ 6 nm, 10 nm,
13 nm, and 20 nm) heterostructures were plotted as a func-
tion of the leading edge energy, with additional data points
from reference samples La1xCaxMnO3 (x¼ 0, 0.3, 0.6, and
1). A linear dependence in this plot and the increasing Mn
valence state with YBCO thickness in Figs. 5(b) or 5(c) are
clear manifestations of the charge redistribution across the
interface between the two materials as discussed in the next
paragraph. Mn L-edge XAS also strongly support the conclu-
sions from Mn K-edge XAS (see Fig. S2 of the supplemen-
tary material). Our results of Mn K-edge XAS represent
the bulk-averaged valence state of Mn. It is noted that a very
recent study of the interactions between superconducting
La1.85Sr0.15CuO4 and ferromagnetic La0.66Sr0.33MnO3
(LSMO) films reveals the variation of Mn valence state over
more than 10 unit cells of LSMO.26
It is particularly challenging for the conventional F/S
competing scenario to reconcile with the simultaneous
reduction in Tc and magnetization in the La0.7Ca0.3O-termi-
nated samples, because this scenario implies a causal rela-
tionship between a larger FM fluctuation and a stronger
superconductivity. Neither can the F/S competing scenario
explain the direct observations on the change of the Mn
valence state in the LCMO layer provided by XAS. On the
other hand, previous works have reported the results support-
ing the charge transfer through the LCMO/YBCOd inter-
face.5,27,28 However, the details of such a charge transfer
behavior from LCMO to YBCO layer remain unclear. It is
found that the range of the corresponding charge redistribu-
tion in YBCO due to the distinct types of terminations is
beyond the scale of the conventional interface charge trans-
fer. The present observation consequently calls for further
mechanisms in addition to the known charge transfer effect.
Here we propose a schematic model depicted in Fig. 1. We
propose that electrons are redistributed from LCMO to
YBCO for both interfacial terminations. Particularly, in
La0.7Ca0.3O-terminated samples (Fig. 1(b)), CuO chains are
much closer to MnO2 planes in La0.7Ca0.3O-terminated sam-
ples (Fig. 1(b)) and the relocation of electrons from the
MnO2 planes to CuO chains is expected to be relatively
more significant (indicated by the black solid arrow).
Consequently, the charge transfer from the CuO2 planes to
CuO chains is much suppressed in YBCO, leading to a lower
Tc. On comparison, with the MnO2-terminated interface
(Fig. 1(a)), the CuO chains are farther from the MnO2 planes.
Therefore, the tendency for the electrons to move from
MnO2 planes to CuO chains is weaker (indicated by the
black dashed arrow). This effective doping mediated by
the interface can be the first order interaction as important
as the short length scale interaction (charge transfer and
FIG. 5. (a) Mn K-edge XAS spectra of LCMO/YBCOd with two different
interfaces. The YBCO thickness is d¼ 10 nm. Spectra of the Mn2O3 (Mn3þ)
and MnO2 (Mn
4þ) standard samples are shown for comparison. All spectra
were taken in FY mode. (b) The Mn valence state vs. the absorption edge
energy of the MnO2-terminated (black symbols) and La0.7Ca0.3O-terminated
(red symbols) samples. La1xCaxMnO3 (where x¼ 0, 0.3, 0.6, and 1) was
used as the reference samples, combined with the Mn2O3 (Mn
3þ) and MnO2
(Mn4þ) standard samples to determine the Mn valence state. (c) The Mn
valence state as a function of YBCO thickness for two different interfaces.
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magnetic competition). How this interface-related mecha-
nism induces a long range effective doping remain elusive.
Therefore, we investigate this issue using first-principles cal-
culations. The first principles calculations indeed reveal the
effective doping occurring both in YBCO and LCMO that
may explain the observed superconducting, transport and
magnetic properties of the YBCO/LCMO heterostructures.
(For details of the calculations and results, see Fig. S3 of the
supplementary material)
The effective doping reported in the present work, while
in agreement with the previous reports,27,29–32 might not be
totally inconsistent with the recent claim of short-range
charge transfer at the interfaces.28 They are merely different
findings revealed by different probes. Mechanisms like cou-
pling of charge and orbital degrees of freedom, strain field,
long-range electron-phonon coupling induced by the combi-
nation of Coulomb force and short-range orbital reconstruc-
tion proposed in Ref. 28. may be in place to extend the
effects of the distinct interfaces throughout the entire YBCO
slab. The present scenario might also be related to the
recently found CDW with a long range order.19,20 Our data
clearly provide another degree of freedom to effectively
manipulate the superconducting and physical properties in
these heterostructures.
To conclude, the findings in the present work would
have been impossible without an atomically precise interface
control. We have shown that the interface has played a more
prominent role than previously thought on affecting the mag-
netic and electronic properties of F/S heterostructures. This
effective doping effect due to the types of the interfaces is
tremendously important for understanding these heterostruc-
tures. Moreover, this study opens another avenue to design
and engineer the functional oxide interfaces.
See supplementary materials for experimental details
and the supporting results of XAS, TEM, and first principles
calculations.
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